The previously developed pH swing carbon mineral sequestration immobilizes the gaseous C0 2 into a thermodynamically stable solid, MgC0 3 , using Mg-bearing minerals such as serpentine. This mineral carbonation technology is particularly promising since it generates value-added solid products: high surface area silica, iron oxide, and magnesium carbonate, while providing a safe and permanent storage option for C0 2 • By carefully controlling the pH of the system, these solids products can be produced with high purity. This study focuses on the synthesis of iron oxide particles as a chemical looping sorbent in order to achieve the integration between carbon capture and storage technologies. Since the solubility of Fe in aqueous phase is relatively low at neutral pH, the effect of the weak acid and chelating agents on the extraction of Fe from serpentine was investigated. The synthesized iron-based chemical looping sorbent was found to be as effective as commercially available iron oxide nanoparticles at converting syngas into high purity H 2 , while producing a sequestrationwready C0 2 stream.
INTRODUCTION
Since the industrial revohllion, the amount of C0 2 in the atmosphere has risen from 280 ppm in 1800 to 370 ppm in 2000, mainly due to the consumption of fossil fuels. l-.l More than half of the energy used in the United States comes from the use of coa1, 4 and it is mostly used to generate electricity. Unfortunately, C0 2 is one of the greenhouse gases that is considered to be responsible for global warming. Moreover, the increased atmospheric C0 2 concentration will acidify the ocean and will change the chemistry of the surface ocean, leading to a potentially detrimental impact on the ecosystem. In order to meet the everincreasing global energy demands, while stabilizing the atmospheric C0 2 level, current carbon emissions should be significantly reduccd. 5 There have been significant research and development activities in the area of carbon capture and storage (CCS), including a number of integrated technologies (e.g., chemical looping processes) to combine C0 2 capture with electricity/chemical/fuel production. 5 Chemical looping processes involve a sorbent, typically a metal, or more ·Author to whom correspondence should be addressed.
likely a low oxidation state metal oxide that can be oxidized in ait: n. 7 The oxide is reduced by <.:arboneous fuels in a subsequent step. A variation of this approach oxidizes the metal not in air but in a chemical reaction with steam to produce a pure stream of H 2 .
• 3 · 9
The chemical looping processes also allow the inherent generation of the sequestration-ready C0 2 stream at higher pressures. 9 Once captured, C0 2 can be stored via geological sequestration, ocean disposal, mineral carbonation, and biological fixation. 1 • 10 The mineral sequestration scheme is particularly attractive, since this process converts C0 2 into thermodynamically Stahle carbonates via the reaction of C0 1 with widely availahlc non-carbonate minerals, such as serpentine and olivine.
11 Therefore, the mineral sequestration process eliminates the risk of accidental col releases. The reaction underlining mineral carbonation mimics natural chemical transformations of C0 2 , such as the weathering of rocks. 12 The main challenges or this storage method have been the slow dissolution kinetics and large energy requirement associated with the mineral processing. However, the latest advancements made by researchers have shown a great potential to reduce the cost of the ex-situ mineral carbonation.n-to Particularly, the pH s·wing process developed by sequestering co:! while generating solid products: high surface area silica, iron oxide, and magnesium carbonate. In this study, the synthesis of iron-hased chemical looping sorbents during the pH swing carbon mineral sequestration process was systematically investigated. Serpentine generally contains about 5-10% iron. If the iron content of Mg-bearing minerals can be used to synthesize the iron-based chemical looping sorbents, two CCS technologies can he integrated as illustrated in Figure I . The carbon mineral sequestration unit will supply necessary Fc 2 0~ to the chemical looping unit for H 2 production, while C0 2 captured from the chemical looping process will he sequestered via mineral carbonation. The integration of these two CCS technologies will provide economic benefits necessary for the commercial application of the proposed CCS scheme.
EXPERIMENTAL DETAILS
Serpentine mined from Pennsylvania was procured and ground to a narrower particle size distribution ( <200 J.Lm) for the kinetic studies. A battery of analytical tools such as the Inductively Coupled Plasma Spectroscopy (ICP), Thermal gravimetric Analyzer (TGA) and X-Ray Diffraction spectroscopy (XRD), and Scanning Electron Microscope (SEM) with Energy-Dispersive X-ray Spectroscopy (EDX) were used to characterize the solid samples. The chemical analysis of serpentine showed that it contains 27, 20, and 4.3 wt% of Mg, Si, and Fe, respectively. Surface and pore properties of serpentine samples were determined using a low temperature N 2 adsorption BET apparatus. The specific surface area and total pore volume of serpentine were 4.6 m 2 /g and 0.013 ml/g, respectively.
Effects of Chelating Agents on Fe Dissolution from Serpentine
First, a series of experiments were performed to optimize the extraction of Fe from serpentine in the aqueous phase.
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For each case, a 200 ml solution comprised of 1 wtlff oxalic acid and I wt% of the selected chelating agent was prepared. Oxalic acid has been chosen as the common weak acid to be used in this study because it is very effective at dissolving Mg portion of serpentine for the purpose of carbon storage. Once the chelating agent and oxalic acid were properly dissolved in solution, 5 wt% of serpentine was added to the system, while mixing the slurry at 1000 rpm. For each nm, five slurry samples were taken at I, 5, I 0, 30 and 60 minutes after the addition of serpentine. Each collected sample was filtered using a 0.2 f.Lill syringe filter to stop the reaction and analyzed using the TCP to detenninc the Fe concentration.
S)·nthcsis of Iron Oxide Particles via pH Swing Process
After the dissolution of serpentine, the solution containing Fe and Nlg was cooled to ambient temperature, and its pH was raised by adding NH 4 0H. A syringe pump was used to inject NH-t-OH at slow and steady rate (0.1 ml/min) to minimize gelation during the precipitation of iron oxide. Generally, the chemical looping sorbent is prepared via .sol-gel technique using commercially available metal oxide as oxygen carrier (e.g., Fe 2 0~ nanoparticles). In this study, since Fe was already extracted into the liquid phase during the carbon mineral sequestration process, lwo different .sorbent loading techniques were proposed to recover Fe as chemical looping sorbents. As shown in Figure 2 , in Method 1, iron oxide particles were precipitated without the presence of support particles. The iron oxide sample produced from Method I was dried at 600 oc to dehydrate (Sample !). Samples 3 and 4 were produced by sintcring Sample 1 at 900 "C for 2 hours and reducing it with H 2 at 840 °C, Sample 3 was prepared by directly reducing Sample /, whereas Sample 4 was prepared by mixing Sample I with support (6:4 ratio by weight) prior to the reduction .step. Next, Sample 2 was prepared hy precipitating iron oxide in the presence of support material. The During the pre-heating stage of the fixed bed reactor to 900 °C, N 2 flushed the reactor at a flow rate of 732 ml!min. Once the reactor reached the reaction temperature, the syngas was injected at a rate of 976 mllmin (STP). During each run, the compositions of product gases were monitored by Varian CP 4900 MicroGC at the exit of the fixed bed reactor. The normalized concentration of each gaseous product was defined as where n represents the number of moles.
Once the iron-based sorhent was fully reduced, steam was injected into the reactor by a syringe pump at a rate of I 00 ml/min along with N 2 at a flow rate of 402 ml/min (STP). The molar ratio of steam and N 2 was kept at I :4, while the temperature was maintained at 840 oc. The H 2 concentration in the exiting gas stream was used to determine the steam conversion to H 2 •
RESULTS AND DISCUSSION

Effects of Chelating Agents on
Fe Dissolution from Serpentine A series of .thermodynamic calculations were performed for the specification of Fe in aqueous phase and the results are presented in Figure 3 . Similar to the dissolution of Mg in serpentine, the concentrations of iron species in the aqueous system increase as the pH is lowered. As the pH is increased from acidic to basic condition, the precipitation of Fe(OHh is promoted. Thus, as proposed by Park and Fan 15 • 16 for lvlg, a pH swing can be performed to maximize the production of iron-based chemical looping sorbcnts ti·om serpentine. It has also been reported that the addition of chelating agents enhances the dissolution of Mg in water. 15 • 16 Since different chelating agents have specific affinities associated with various metals, the ligands that have strong amnity towards Fe were selected for this study. These chelating agents included acetic acid (logK of FeL = 4.0, logK of FcL, = 7.6, logK of FcL 3 = 9.6), citric acid (logK of FeL = 13.5, logK of Fe 2 (0H),L 2 = 36.0), iminodiacetic acid (IDA) (logK of FcL = 12.6) and glycine (logK of PeL = 10.8). 17 Tt was important to select the chelating agents that are effective at leaching out Fe content from the mineral matrix while allowing fast precipitation of iron oxide during the pH swing process.
As shown in Figure 4 , the presence of citric acid as a chelating agent in the slurry significantly enhanced the extraction of Fe from serpentine. After I hour of dissolution, the concentration of Fe in the liquid phase increased to nearly 20 mglliter, whereas other chclating agents such as IDA, acetic acid and glycine yielded only I I"' "' -" 13 mglliter of final Fe concentrations. Based on the amount of serpentine input, the theoretical Fe concentration in the solution was calculated to be 108 mglliter. The di:;;solution curve leveled olT without reaching the theoretical limit due to the forniation of diffusion limiting The dissolution of Fe was superiorly higher ln the presence of citric acid than the other chelating agents and this may be due to the number of chelation sites. Citric acid has four chelation sites while glycine and IDA have three chelation sites. Although acetic acid has only one binding site, it performed as well as glycine and IDA. This may be due to the size of the molecule. Since acetic acid is much smaller than other chelating agents, it can access the surface of the serpentine particles more easily. Since the mineral dissolution is surface reaction, the dissolution rate would be a function of both chclating power and size of the ligand.
Synthesis of Iron Oxide Particles ''ia pH Swing Process
Afler the extraction of Fe into the aqueous phase, the pH was increased up to 8.2 by adding NH 4 OH, and Fe( OH)_, was precipitated out. After the precipitation step, filtered Fe(OH)_, was treated with air at 600 "C to produce the highest oxidation state of iron, Fe 2 0~. The XRD analysis of Sample 1 confii·rned the formation of Fc 2 0J after the heat treatment of the precipitated solid with air at 600 oc.
The dehydrated sample (Sample I) was then sintered at 900 "C and directly reduced with H 2 in a TGA at 840 "C. Figure 5 shows the weight loss of Sample 1 during the reduction process. Initially, the sample was heated to 840 oc and stabilized for 30 seconds in N 2 environment. Once the TGA reached 840 "C, the diluted H, was introduced into the TGA for the reduction reaction. In the N 2 environment, the dried sample showed no weight change with a great thermal stability, but as soon as Figure 6 . Tn case of Fe 2 0J produced without the presence of supports, individual grains were in relatively spherical shape and the size of single grain was generally less than I 0 ,um with a wide size distribution. As shown in Figure 6 (a), small amount of pores were observed throughout the sorbent particle. On the other hand, Sample 2, which was prepared by precipitating Fc 2 0J directly onto the supports, shows uniformly dispersed iron oxide with no porosity. The size of Fe 2 0 3 grains in Figure 6 (h) seems to be smaller and more irregular than the grains in Figure 6 Figure 7 shows the normalized compositions of the exiting gas during the reduction of Fe 2 0, in Sample 4 by syngas. Initially, both CO and H 2 were completely oxidized by Fe 2 0 3 and produced sequestration-ready pure C0 2 • The maximum C0 2 concentration appeared as 99.8% at 7 minutes. As Fe 2 0 3 phased out via syngas reduction, limited oxidation of syngas was observed before the final breakthrough point at I 00 minutes. This step change in exit gas compositions of the fixed bed reactor is due to the multiple oxidation states of iron (i.e., Fe 5 0 4 , FcO, and Fe). Next, the reduced Fc 2 0 3 particles were regenerated via the oxidation with steam. Figure 8 shows the conversion of steam to H 2 based on the microGC measurements of the exit gas stream. Before reaching breakthrough, the conversion of steam to H 2 was found to be rv80%. A small amount of CO was detected during oxidation; however, the amount was negligible (0. I ~0.2 mol%) compared to the H 2 concentrations. CO in the exit steam is originated from carbon deposited during the previous syngas reduction step. Fluctuatlons seen in the H 2 concentration were due to the unsteady vaporization of the water injected into the reactor. It is interesting that the breakthrough points for thy oxidation and reduction steps were quite similar, which imply that a similar reactor size can be used for hath reducer and oxidizer. In other words, two reactors can be used in parallel and chemical looping can be achieved by simply switching inlet gases. After the oxidation with steam, the chemical looping sorbents in the fixed bed were further oxidized with air. It was found that the iron-based sorbents were fully re-oxidizcd to its highest oxidation state, Fc 2 0].
CONCLUSIONS
The ironMbased chemical looping sorbcnt \Vas successfully synthesized from Fe recovered from the pH swing carbon mineral sequestration process. This was achieved by chemically activating the dissolution of serpentine. In order to maximize the extraction of Fe content in serpentine, a number of chelating agents were tested and citric acid was selected as the suitable iron extraction enhancer for scrpenM tine. \Vith the presence of supports during the precipitation step, iron oxide sorbent was produced with higher metal oxide loading compared to the sorbent produced via dry mixing. The synthesized iron-based chemical looping sorbent was found to be very effective at producing H 2 , while generating scqucstrationMrcady C0 2 stream.
